To support clinically relevant indexing of biomedical images and image-related information based on the attributes of image acquisition procedures and the judgments (observations) expressed by observers in the process of image interpretation.
Images-such as x-rays, microscope slides, and photographs-are an essential part of the medical record. The improving cost-performance ratio of computer equipment is approaching the point at which digital image libraries will be routine in medicine. Digital image libraries have some well-known potential advantages over the present generation of analog image libraries, such as protection against loss of original images, provision for multiple simultaneous access, and enhanced information retrieval capability. The Digital Imaging and Communications in Medicine (DICOM) standard 1 specifies a nonproprietary data-interchange format and transfer protocol for biomedical images, waveforms, and related information. 1 -4 The wide availability of DICOM-conformant image acquisition equipment makes it practical to exchange digital images even in a multivendor and multiplatform network. With a digital image library and a nonproprietary data interchange standard, medical images are theoretically accessible for review by any authorized health care provider. However, a digital image library and an ''open'' transfer protocol provide only a basic framework for image data interchange. The potential benefits of a digital image library will be obtained only if its contents, images, and image-related information are indexed with clinically relevant keys that enable selective retrieval of significant images, image-interpretation reports, and related information. In this paper we review the limitations of administrative coding systems and present examples from multiple clinical contexts that point to the need for clinically relevant indexing of digital image libraries. We describe the conditions and events that determine the information content of images. We conclude by presenting a multispecialty-consensus model of the clinically relevant attributes of image acquisition procedures, i.e., image acquisition context. The consensus model of image acquisition context is expressed in two formats: a SNOMED (Systematized Nomenclature of Human and Veterinary Medicine) DICOM microglossary template and a concise textual (pseudocode) representation of the logical elements of the DICOM acquisition context module.
Indexing of Biomedical Images
Indexing of images may be done a priori at the time of image acquisition; by code or text description at the time of diagnostic interpretation; or retrospectively, by extracting key words from an image interpretation report. A priori indexing at the time of image acquisition or interpretation requires a good user interface to reduce the burden on the user. Automated processing is desirable, but an ad hoc solution may not be feasible for a single institution. Standard codes and terminology increase the precision and reliability of both manual and automatic indexing. For the convenience of clinical personnel, both precoordinated and postcoordinated mechanisms must be available as needed. To ensure clinical relevance and to promote interoperability, context-dependent mechanisms must be provided to constrain the value sets and to define the network of semantic relationships that describe clinical attributes.
Whether done prospectively or retrospectively, indexing requires a semantic data model. Ad hoc semantic models (i.e., information retrieval models) may be used. However, there is substantial risk that these will not scale well. Ad hoc models are likely to include the following attributes: administrative attributes, such as the identification number of the imaging subject (the patient, specimen, or other entity that is the subject of the image); the identifier of the image acquisition procedure (e.g., the billing code of the ''procedure''; an abstraction of the process, physical entities, and proximate events that generated the image); the administrative code that denotes the type of procedure; the date (and perhaps the time) of the procedure; and the name of the organization or person who performed the procedure. These five attributes are commonly displayed in the identification label of analog radiographs and therefore are the core of most ad hoc image retrieval models. Picture archiving and communication systems that use DICOM query and retrieval typically provide a query template that includes four categories of attributes to identify the patient, study, series, and image. Other DICOM attributes may be available as optional query keys, but queries on detailed clinical concepts may not be possible. For example, in older DICOM systems, the selection of anatomic regions of interest may be severely constrained. Some systems that provide ''teaching file'' capability may offer fields for diagnostic codes. However, ad hoc models are unlikely to include a comprehensive set of attributes that fully describe the clinically relevant aspects of image acquisition procedures, i.e., the image acquisition context.
The need for clinically relevant indexing of biomedical images is universal. However, ad hoc semantic models for image indexing typically are designed to serve the relatively narrow perspective of a single specialty or to support a limited set of clinical or operational contexts. This is natural, since context-dependent factors heavily influence the set of attributes that are relevant for a particular imaging modality and procedure type (e.g., computed tomography of the wrist versus endoscopy of the stomach) and the resources of any single institution or organization are typically invested to serve its own needs. The ad hoc approach may be appropriate for a single department, but it does not enable interinstitutional pooling of digital libraries for clinical, research, or administrative purposes. The specification of a generalized semantic model for image-acquisition context and the task of designing and building a controlled terminology resource for implementation of the model is ultimately the responsibility of the community. Therefore, an authoritative, nonproprietary consensus solution is needed. scription of image acquisition context with a standards-based approach. In the course of developing the color imaging supplement 6 for the DICOM standard, the notion of image acquisition context was conceived as a means of specifying a single semantically adaptive message template that could be tailored to serve a wide variety specialized clinical and operational contexts. As we began to understand the imagerelated information needs of each specialty in the project, we realized that the attributes of image acquisition procedures correspond to a small set of semantic dimensions that are independent of the specialty imaging context-and that image acquisition is but a special case of data acquisition. This led us toward a generalized semantic model of data acquisition context and a model of image acquisition context that is a subset of the general model. This paper describes the consensus model of image acquisition context that was developed for use with the DICOM standard. The intended scope of application is biomedical imaging. To enable this broad scope, a message/terminology mapping resource was created to serve as the repository of multispecialty context-dependent controlled terminology content. 7, 8 This mapping resource, the SNOMED DICOM microglossary (SDM), 8 and the conceptual model for applying its content to message data elements or document fields (the interdependent message/terminology architecture) are described in previous papers. 7,4,11 -13 The SDM is a set of database tables that map terms and phrases from SNOMED 9 and other controlled terminologies-such as the Logical Observation Identifier Names and Codes (LOINC) database, 10 Breast Imaging Reporting and Data System (BI-RADS, American College of Radiology, Reston, Virginia), and ISO-3950 (International Standards Organization dental codes) -to DICOM data elements and markup-language document fields (Figure 1 ). Other specialized terminologies, such as the CANON (chest imaging) or UltraStar (pelvic ultrasound) vocabularies, which are authoritative resources in specialized domains, could be added to the SDM in the future.
Although the content of the SDM is mapped to DICOM attributes, this does not limit the use of the content to DICOM messages. One of the most promising applications of the SDM is to provide context-sensitive terminology for extended markup language (XML) or standard generalized markup language (SGML) documents. Conversely, the DICOM encoding mechanism for coded entries supports the use of any code set (including local and private codes); there is no intrinsic exclusion of one system in favor of others. Standard code sets such as SNOMED are suggested where possible, in hopes that voluntary implementation of authoritative terminology will enlarge the sphere of shared understanding of important concepts.
The selected terminologies are authoritative and well maintained. The SNOMED and LOINC terminologies, in particular, were selected for biomedical imaging be- 
Administrative Coding versus Clinical Relevance
Selective indexing and retrieval of diagnostic images is problematic in current practice. Indexing of images typically is done by billing codes assigned to the image acquisition procedure. This reflects the administrative perspective of imaging. However, the administrative coding scheme, typically the Current Procedural Terminology (CPT) system, 15 which was designed for billing and record-tracking purposes, 14 does not allow indexing of many clinically significant attributes of the image acquisition context, such as the specific anatomic region examined and spatial, chemical, functional, or physical modifiers of image acquisition.
The U.S. Health Care Financing Administration requires the use of CPT codes to classify medical procedures for reimbursement for Medicare claims. As a result of the federal requirement, most other payers also accept CPT codes for insurance claims. Therefore, health care providers routinely record their data using these codes. However, CPT has been shown to lack the detail required for clinical data representation of health care processes and outcomes. 16 The ICD-9-CM (International Classification of Diseases, 9th Revision, Clinical Modification) codes 17 are often used in conjunction with CPT codes to convey the diagnosis associated with a procedure.
14 Both systems are defined at too coarse a level to specify the detail needed for clinical decision making.
Example 1
A CPT code exists for ''2-dimensional echocardiography, complete study'' (93307), but no CPT code exists to describe imaging views or other specific attributes of echocardiography procedures. Table 1 lists some of the attributes that must be considered for clinically relevant indexing of echocardiography procedures. Table 2 lists some diagnostic interpretation attributes (diagnostic observations, including clinical recommendations) that may also be useful with procedure description attributes as indexing keys for echocardiographic images. Many of the attributes are appropriate for the description of cardiac findings, not only in the context of echocardiography but also in the context of angiography, computed tomography, and magnetic resonance imaging.
Example 2
To illustrate the level of detail needed for clinically relevant description of slide microscopy procedures, consider the microscopic images of a bone marrow biopsy and aspiration, accompanied by the pathologist's summary report. The CPT codes for these procedures would be 85095, Bone marrow aspiration; 85097, Bone marrow smear interpretation; 85102, Bone marrow biopsy; and 88305, Surgical pathology microscopic examination, Level IV, Bone marrow biopsy. It is apparent that all marrow biopsies would be indexed using this same set of codes, and virtually no other clinical information can be inferred from them. Table 3 lists some of the attributes that may be useful for clinically relevant indexing of microscopic imaging procedures.
As in Example 1, diagnostic interpretation attributes may be useful in conjunction with procedure description attributes as indexing keys for microscopic images. Consider the following interpretation of the bone marrow image described above: ''day 21 status post allogeneic bone marrow transplant for acute myelogenous leukemia, hypocellular marrow with evidence of engraftment of erythroid and myeloid cell lines, no evidence of residual leukemia.'' Several attributes of the interpretation are recognizable: the procedure history (allogeneic bone marrow transplant, 21 days previously), pertinent diseases and diagnoses (acute myelogenous leukemia), the morphology of the marrow (hypocellular, erythroid engraftment, myeloid engraftment), and the interpretation of the findings (no residual leukemia). The additional clinical detail is readily encoded using SNOMED. In particular, the specific mention of myeloid and erythroid cell lines, as well as the bone marrow, are all derived from the SNOMED axes relating to normal anatomic structure (topography), function, procedures, and morphology: When pathology image transmission and storage are accompanied by this level of detail, retrieval and comparison of images is greatly facilitated. From a digital library that implements the DICOM and SNOMED standards according to the interdependent message/terminology described in this paper and others, 4, 7, 12, 13 it would be possible to retrieve and compare images classed as hypocellular versus normocellular and to assess the interobserver variability, clinical correlation, and prognostic significance of this finding.
Example 3
Cesarean delivery may be required in the presence of fetal hydrocephalus (ICD-9 653.6-mother 742.3-baby). The ICD-9 codes does not describe the specific cranial malformation of the fetus. To perform a multicenter study of the prognosis for the infant as a function of lateral ventricular size and gestational age, ICD-9 codes would be totally inadequate. Furthermore, if fetal hydrocephalus is diagnosed in utero by ultrasound, then procedure description data are essential to ensure that pooled data are equivalent. Table 4 lists some of the attributes that must be considered for clinically relevant indexing of obstetric ultrasound procedures. A clinically relevant indexing system for obstetric ultrasonography would support the attributes of the image acquisition procedure and the attributes of diagnostic interpretation, such as measurements (e.g., biparietal diameter and ventricular diameter) and related findings (vertebral anomaly, porencephaly). A standards-based indexing strategy would greatly expedite pooling of measurement data for multicenter clinical trials, clinical efficacy studies, and outcome assessment.
Example 4
Chest radiographs-i.e., plain films, chest x-raysare produced in larger numbers than any other type of radiographic image. A few CPT codes are available for chest x-rays, but the granularity is insufficient to describe the full range of attributes essential for clinically relevant indexing of chest x-rays. Table 5 lists some of the attributes that must be considered for clinically relevant indexing of chest x-ray images. 18 The DICOM standard, augmented by these supplements, specified nonproprietary and platform-independent protocols for interchange of biomedical images and related information, including interpretation reports, and makes possible robust description of clinically relevant attributes of image acquisition procedures. Digital image libraries that implement the DICOM standard will have at their disposal all the capabilities implied by these specifications.
Semantic Mapping and Interoperability
If one computer system is to accept and process data from another in a meaningful way, the information arranged within the data structures of the transmitting system must be rearranged into the data structures used by the receiving system. If this can be done, then the systems are said to be interoperable. Interoperability may not be possible if the systems are based on different models of the real world. In this case, all the information required by the receiving system may not be available and its function may thus be restricted. In addition, if the models fail to correspond in terms of the relationships between entities, the receiving system may be unable to understand the basic organization of the data. This could mean, for example, that the receiving system cannot determine which image belongs to which procedure. Technical incompatibilities between systems can usually be overcome by some means of bridge or translation, but if the systems do not share the same view of the data, resolving the resulting ambiguity will probably be impossible. The critical requirement is an unambiguous mapping of the semantic data models on which the data structures of the sending and receiving systems are defined.
The following sections describe the semantics of image acquisition context, beginning with a high-level perspective and concluding with a synopsis of the data element structure that conveys image acquisition context in DICOM messages. Figure 2 depicts a domain information model of the abstract information system -imaging system (ISIS) interface on which the notion of image acquisition context is defined.
3,11,18 Table 7 summarizes the conditions or events that determine the information content of images. Table 8 is a structured-text (pseudocode) representation of the DICOM image acquisition context module. 6 An annotated template of the attributes of image acquisition context appear in the Appendix.
Image-related Information
A biomedical image is of no value without associated data, such as identification of the patient, identification of the study performed, other images, and relevant clinical information (i.e., image acquisition context). The information required depends on the domain in which it is being used. When an imaging procedure is performed, relevant administrative information, such as patient demographic data, is required by the imaging department. At other times relevant information about the imaging procedure, such as the status (e.g., scheduled, completed, reported) and the results, must be supplied by the imaging department and possibly made available at various physical locations such as the patient's ward, an out- patient imaging center, or the office of a private physician. Currently this information is often exchanged on paper. The requirement to implement this exchange between computer systems both inside and outside the imaging service department gives rise to a number of issues. In particular it is necessary to group the descriptive information in such a way that specific data can be made available to only those systems that require access to it in an efficient, reliable, and secure manner.
No real-world entity can be completely described. However, formal semantic analysis techniques enable domain experts to express the essential characteristics of real world entities (such as patients, providers, imaging procedures, and images) in graphic and verbal forms that can be used to define content specifications for documents, messages, user interfaces, and databases used by the application software of information systems to mediate real-world transactions. The level of descriptive precision that is necessary and sufficient for practical representation of the attributes (i.e., characteristics, properties, or defining relationships) and the corresponding context-dependent value sets of pertinent entities is readily determined by the consensus of domain experts. The products of this semantic analysis (data modeling) are graphic or textual ''realworld models'' or ''domain information models.''
The structured reporting domain information model 18 ( Figure 2 ) depicts the core set of clinically relevant entities referenced in the DICOM information object definitions for images (e.g., visible light, digital x-ray, mammography, intraoral radiography, ultrasound, nuclear medicine), waveforms (e.g., electrocardiogram, arterial pressure tracings), examination workflow (modality worklist, performed procedure step), and report (structured reporting). The attributes of these entities participate in clinically relevant foundational relationships that define image acquisition context and therefore determine the information content of images. 3, 11, 18 Figure 2 shows the semantic data model derived by object-oriented analysis of diagnostic imaging in multiple specialty contexts. This model has served as the domain information model for multispecialty color imaging, workflow tracking, and structured reporting extensions of the DICOM standard made since 1993. The model depicts three types of relationships among real-world entities: In the figure, semicircles signify ''generalization-specialization'' relationships (''a patient is a person''); triangles signify ''part-whole'' relationships (''a procedure request is part of a service request''); direct linear connections depict object instance relationships other than generalization-specialization and part-whole (''a procedure request is related to a procedure report''). Single-line rectangles denote ''class-only'' objects; double-line rectangles denote ''class-and-instance'' objects.* Figure 2 was derived from the information systeminformation system (ISIS) context model 3, 6, 11, 20 and is consistent with the procedure description model developed by the Medical Imaging and Multimedia Working Group of the European Standardization Committee (CEN/TC 251 WG4) 21 and with the CEN/ TC 251 PT3-022 model of ''request and report messages for diagnostic service departments.'' Table 7 describes the conditions and events that ultimately determine the information content of images. These characteristics are the basis for the various categories of attributes on which clinically relevant indexing of images depends. Table 8 is a structured textual representation of the DICOM acquisition context module. It illustrates, in pseudocode format, the conceptual model of the data elements that convey the attributes that describe data acquisition. 6 A name-value-pair mechanism is used to associate an explicit semantic type (i.e., one of the attributes of image acquisition context) with a value expressed as free-text, categorical-text, coded-entry, or numeric data. The acquisition context sequence may convey any number of name-value pairs, i.e., any number of procedure description attributes (concept name) and the corresponding values (value). A summary free-text data element (acquisition context description) is provided for optional use.
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Discussion
Lessons Learned
There is a need for more detailed clinically relevant description of imaging procedures and image interpretation findings. 24 The DICOM Visible Light Image and Structured Reporting development projects provided the opportunity for multiple specialties to collaborate on semantic data models and controlled terminology. We learned some valuable lessons from problems encountered during development. At first, the different specialties proceeded independently.
*For a more detailed explanation of the notation, see Coad and Yourdon. 19 However, we soon recognized that since additional specialty image types and reports would be created continually, it would be more efficient in the long run to establish generic templates for the attributes of diagnostic images and reports and to tailor those templates for specialized uses with controlled terminology developed by the appropriate group of domain experts. Specialized terminologies-such as the endoscopic terminology of the American and European Societies for Gastrointestinal Endoscopy, the ISO-3950 dental nomenclature, and the BI-RADS breast imaging lexicon were favored by their respective clinical users as the terminology standard for their subspecialty. However, over time our understanding of the desirable properties of large-scale code sets improved, and we recognized that each of the ad hoc code sets, al-though rich in domain-specific content, has technical limitations, such as duplication of identifiers and lack of cross-referencing with other coding systems. It was recognized that these limitations could be ameliorated by making the contents of the ad hoc terminologies available through the SDM with unique identification, full mapping to SNOMED, and ultimately cross-referencing to the UMLS Metathesaurus.
In addition to the technical issues, there were significant administrative obstacles to overcome. Progress was achieved through an open, cooperative process of noncritical discussion, whereby mutual trust was established and common goals were recognized. Participants were instructed, as they considered technical issues from their own perspective, to intentionally extrapolate each issue into its general case, from which other specialized perspectives, analogous to their own but in different fields, could be derived. This approach led to some fundamental insights, such as the unifying notion of image acquisition context and the consolidation of independent development projects into a single cooperative initiative. Initially, some of the organizations were reluctant to distribute their terminology via the SDM, because of concerns over loss of editorial control. This concern was removed by mutual agreement that the source of each specialized terminology would retain editorial control of its own content, with the multispecialty editing group (the SNOMED Editorial Board and the DICOM Structured Reporting Working Group) ensuring cross-specialty integration. Concerns over publication and pricing issues were removed by the generous agreement of the College of American Pathologists to publish the SDM nomenclature at no charge on the SNOMED World Wide Web site to the mutual benefit of all contributors and users.
We are continuing to learn during implementation of the model. As we train new groups, such as dermatologists and mammographers, to tailor the DICOM specifications for use in their specialty, we have needed to develop tutorial materials to bring newcomers quickly up to speed on the basics of the DICOM semantic model. Fortunately, we have observed that the templates and context groups needed to specialize the generic DICOM objects for new clinical contexts can be expressed in a simple spreadsheet format that is easily understood by clinicians with no special training in computer languages. The template and terminology content needed to tailor the DICOM Visible Light and Structured Reporting specifications is intuitive to clinicians. Their task is simply to express a structured expression of domain knowledge that is very familiar to them. We learned from early experience that newcomers to this material learn more efficiently from illustrations of simple examples taken from contrasting subject domains than from abstract presentations of the material. We have also used an iterative development process, whereby problems identified in prototype implementation of the model were corrected in later versions of the specification.
Desiderata for Digital Libraries
We have presented a standards-based methodology for utilizing the attributes of image acquisition context as indexing and retrieval keys for digital image libraries. A standards-based interdependent message/ terminology architecture, consisting of the DICOM standard, SNOMED, specialty code set extensions of SNOMED, LOINC, and the SNOMED DICOM microglossary, provides the infrastructure to support detailed description of image acquisition procedures and imageinterpretation findings.
11 Robust indexing makes possible the selective retrieval of images and image-related information for use in clinical decisionmaking and in clinical outcome assessment. 
Future Work
The explicit semantic data model of DICOM not only enables devices to connect but enables interconnected devices to achieve a shared semantic understanding of the information that is exchanged. 4 The context-dependent value sets and relationship constraints provided by the SDM significantly improve expressiveness and reduce ambiguity. 7 However, the fact that content can be expressed in a standardized way does not mean that computers are completely able to process this representation. Synonymy, differences in granularity and compositionality (post-coordinated versus pre-coordinated), redundancy, and incompleteness (inability to express some of the concepts of one vocabulary in another) present major challenges to interoperability. The flexibility of the interdependent message/terminology architecture provides expressive freedom that enable efficient adaptation of an existing system to new applications. 11 However, the same flexibility demands the definition of constraints. 23 Interoperability can be improved by defining ''expressive patterns'' for frequently used concepts, such as those utilized in the DICOM Structured Reporting specification. A formal notation has been developed for this purpose.
18,25 Specialty implementation guidelines for DICOM and constraints for the descriptions and their representations (i.e., a common style of using the SDM, suggested lists of pre-coordinated terms, and combinatorial rules for post-coordinated terms) are being developed by professional speciality organizations. Development and maintenance of SDM content is an ongoing process. 7, 12, 13 At the time of this writing, the DICOM acquisition context module is available for trial implementation in the DICOM Visible Light and Structured Reporting specifications. The DICOM Digital X-Ray Working Group and the DICOM Cardiovascular Angiography Working Group have included the acquisition context module in their draft specifications. Thus, the domain coverage of biomedical imaging is sufficient to support prototyping of DICOM digital image libraries supporting multiple departments and specialties, with the intention of providing data for cross-disciplinary research, training, and clinical trials.
Conclusion
The DICOM standard specifies platform-independent interchange of biomedical images and image-related information. 4 The explicit semantic data model of DICOM enables devices not only to connect but to achieve a shared semantic understanding of the information that is exchanged. Because of the efficiency and economy of its nonproprietary interface, the DICOM standard has been implemented widely in radiology and is now being adopted in cardiology, gastroenterology, pathology, ophthalmology, dentistry, and other specialties. 3 The SNOMED DICOM microglossary (SDM) provides context-dependent controlled terminology for imaging procedure descriptions and image interpretation reports. 7 The SDM is a resource for system architects, programmers, and database managers who are developing user interfaces and information-retrieval tools for DICOM imaging systems. The capability of storing explicitly labeled coded descriptors of image acquisition context from the SDM in DICOM image headers and structured reports improves the potential for selective retrieval of imagerelated information. This favorably affects the quality and clinical relevance of information obtainable from digital image libraries.
APPENDIX
Attributes of Image Acquisition Context
The following table is a general-purpose list of image acquisition context attributes from SDM template 2. 6, 8 This template depicts the subset of data acquisition properties that pertain to image acquisition. Many of these properties are relevant to the description of any type of data acquisition procedure (e.g., electrocardiography, hemodynamic measurements) or biomedical diagnostic procedure. When a value set (referenced context group, rcid#) is defined in the SDM for a property, the number identifying the context group is specified. In some properties, only the class of observation is specified (C indicates code; T, unstructured text; M, numeric measurement; N, named type). These observation classes indicate the type of data that is permitted to convey the value of the property; however, the value set is unconstrained. In one case, the value of the property (chemical agent administration protocol) is a template (defined separately elsewhere in the SDM).
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